Partial shading decreases the performance of PV modules due to the series connection between the solar cells. In the recent years, several new technologies have emerged within the photovoltaics field to mitigate the effect of shading in the performance of the PV modules. For an accurate assessment of the performance of these devices, it is required to evaluate them comparatively in different circumstances.
Introduction
It is well known that partial shading decreases the performance of PV modules due to the series connection between solar cells in a string. In the recent years, several new technologies and devices have emerged within the photovoltaics field to mitigate the effect of shading in the performance of the PV modules. In order to make an accurate assessment about how such devices affect the overall efficiency of the PV-systems, it is necessary to evaluate them comparatively.
A standard PV system
The investigated modules have 72 series connected cells divided into 6 columns and 12 rows. There are three by-pass diodes connected between column 1 and column 2, column 3 and column 4 and between column 5 and column 6. This means that each diode is connected in parallel with 24 cells.
How shading affects PV
There are several reasons that can lead to the reduction of produced power on PV panels such as manufacturing defects, degradation of cells, high solar cell temperatures, or partial shading (Stuart R. Wenham, 2012) . This project has been focused on the significant decrease of power that can be caused by shading.
A cell can be seen as a combination of a current generator and a diode. Current is generated in the reverse direction of the diode. If a cell is partially shaded, it will produces less current than a cell that is fully illuminated. Voltage is practically not affected by the level of illumination, as long as a minimal level is present. During partial shading of one cell of a string, the shaded cell will not be able to generate as much current as the remaining cells of the string. Since the photo current flows in the reverse direction of the diode the unshaded cells cannot force current through the shaded cell. This means the shaded cell will limit the output of all cells in that string. Since cells are normally series connected in a string in order to raise module voltage, this causes a significant power reduction. However, if a by-pass diode is connected over the cell this will allow the surplus current to pass through the diode permitting the unshaded solar cells of the string to produce current unrestrained by the low current production caused by the shaded solar cell.
Method
The effect of shading was evaluated by controlled shading of different cells in a string of six modules.
The four PV installations at Gävle University
At the University of Gävle, there are four different solar systems installed. This paper is focused on the three PV systems that are shown in the picture below. Each of these three systems has 6 EOPLLY 125M/72 200 W monocrystalline modules with 72 cells and 3 bypass diodes per module (3 circuits of 24 cells per panel). There are 18 PV modules in total. 
The PV panels
The electrical specifications are shown in the table below. Each panel measures 1580x808 mm. 
System description and schematics
• System One: Comprises six standard PV modules series connected to one central inverter. The string inverter contains a Maximum Power Point Tracker (MPPT) that finds out the maximum power voltage and maximum power current (Vmp and Imp) by a trial and error algorithm for the PV array. A schematic drawing can be observed on the following picture:
Jose Francisco Contero, João Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 It is important to mention that this central inverter has a maximum DC voltage of 400V and the range of the MPP tracking in the inverter is between 100V to 320V.
• System Two: Comprises of the same six standard PV modules and the same string inverter as system 1. However, on this system each panel has a DC-DC optimizer. Since the output from an array of PV panels is limited by the weakest producing panel, a good solution to obtain the maximum output is to install DC-DC optimizers. They basically work as an individual MPPT for each PV panel. The DC-DC optimizers are series connected and the string inverter collects the output from the optimizers. The following figure describes how the system is connected: The following table describes the electrical specifications of the DC-DC optimizers: It is important to mention that the optimizers include a function that allows the users to monitor the power as well as the voltage and current outputs during the day on the manufacturers´ web page.
• System Three: Comprises three micro inverters for six modules, resulting in one micro inverter with a MPPT built-in for each two PV panels connected in parallel between themselves. The three inverters are connected to the grid like the above system. The following picture explains how the system is installed: Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 The electrical features of the micro inverters are: • System four: This system was installed slightly above the location of system one, two and three at the University of Gävle. This system consists of nine thin film modules that where only utilized as reference in order to compare the output at the same irradiance level when the remaining systems were shaded. 
Components of the Systems
In order to compare the different prices of the systems that are going to be investigated, its components need to be enumerated. The table below describes each system: 
Testing Procedure
In order to know how the different systems work under shading, the performance was monitored during different shading configurations. Two different procedures have been carried out:
• Procedure 1: System 1 was measured with the help of a solar sensor and an IV tracer which provided the IV curves. System 2 was evaluated thanks to the website of the Tigo optimizers which gave us the voltage, current and power output. Both of these systems were always evaluated with a solar irradiance Jose Francisco Contero, João Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 exceeding 750W/m 2 . None of these procedures was available for system 3. These measurements were taken under 4 cases:
2. One cell covered in one module in each system.
3.
Two cells covered in different circuits in one module for all systems.
4. Three cells covered in different circuits in one module per system.
• Procedure 2: A data logger was collecting the power output of the three systems continuously. This data was used in a comparative analysis. Since there was no permanent pyranometer installed on site, system 4 was used as a solar radiation reference allowing us to conclude that all analyzed cases always took place during sunny days with a solar radiation exceeding 600W/m 2 . The measurements were performed under 5 different cases:
2. One cell shaded in one module in each system.
Two cells shaded in different circuits in one module for both systems.
Three cells shaded in different circuits in one module per system
5. 30% of a row shaded in one module per system
The following figures illustrate how the modules were shaded Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 
Measurements Limitations
In order to avoid the influence of clouds, the analysis of measured data were limited to sunny days around solar noon. Only days with high output from the modules were considered. In procedure 2, the system with thin film modules were used as a reference, instead of a pyranometer.
Results

Procedure 1
An IV tracer was used to measure the IV curves for system 1 for each case above. For system 2, the optimizer's webpage showed the power output of the system. A solar sensor was used in order to be able to compare the results between each case and each system. Since the module current is proportional to the irradiance on the module (Alberto Dolara, 2013) , it was possible to normalize the obtained results to the irradiance level of 1000 W/m 2 , as shown in the following table: 
Procedure 2
The output during different time periods has been analyzed in order to get a comparison between the three systems which was not possible to do using procedure 1. In order to avoid influence of clouds, a careful choice Jose Francisco Contero, João Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 of the time periods when the output was high was made. The next graph shows the power output for the reference day with no shading based on a 10 minute resolution.
The following figures show the power during time periods with high power under 3 different shading cases:
The following tables show the output values for each case and system. The column "percentage relative to the reference case" shows us the performance drop suffered by each system under different shading conditions. The thin film modules (system 4) where never shaded. As it can be observed in the following table, the daily output of the thin films system remains stable. This is because the measured days (the reference and the studied cases) were sunny with no clouds. Therefore, the output of the different systems in the different cases is comparable. Jose Francisco Contero, João Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 
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Summary of both procedures and comparison with theoretical results:
The following table summarizes the experimental results, the relative power decrease, and compares it with the theoretically expected results. 
System costs
The performance of PV modules connected to different shading mitigation systems has been shown in the above tables. However, this is analysis would not be complete without looking into the costs. This way, the investment cost for each system has been calculated. The following tables show the price of each component of the three systems installed at Gävle University. Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 
Discussion and Conclusions
The influence of shading in solar panels is difficult to measure since both power output and the energy collected are strongly dependent on factors like the weather, time of the year, latitude and others. Table 5 shows the decrease in Vmpp for each shading case of procedure 1. The current produced by the panel, after normalization to the solar radiation, remained fairly stable and thus was not included in table 5. Therefore, in the evaluated cases, the power decrease correlates very well with the voltage decrease.
In system 1 (the string inverter), when one cell is shaded, the MPP tracker finds the point that leads to the highest power production in all the series connected PV modules, which means that the five modules are working at maximum power while the shaded module is working only at 2/3 of its maximum power. This means that the maximum current possible will pass through the six panels and one bypass diode will be activated to bypass one string. The theoretical percentage of power collected from the six panels will be 95% which corresponds to 5.67 out of six modules working at full power. The data collected from the measurements in procedure two supports the above statement. Table 6 shows the same 95% percentage of power production in all systems. Likewise, system 2 (with the DC-DC optimizers) with one cell shaded shows a similar power reduction (from 100% to 95%), as shown in table 5. This means five optimizers will collect the maximum power output from five unshaded modules while the shaded one will produce only 2/3 of its maximum power output. Finally, system 3 (parallel connected micro inverters) also shows a 5% power reduction. When one cell is shaded the DC-DC optimizer and the microverter will not increase the power and all systems will produce the same power.
In the case of two cells shaded, it can be observed that in system 1, the shaded panel only produces 1/3 of the power which corresponds to two strings producing no power. In this case, the theoretical power output is about 88% of the power collected with no shading, since 5.33 out of 6 modules are working. However, using procedure 1, it can be seen that the optimizer collects slightly lower output, about the 83% of the output collected from the unshaded case. This is shown by optimizer's webpage (procedure 1) in figure 10 where it is visible that one module (in black) is basically not working: This is a result of the limited Vmpp range of the optimizers being between 16-48V. If two strings in one module are shaded, the maximum voltage output is 1/3 of the PV module voltage (about 12V) which is below 16V, the minimum operating range of the optimizers. Hence the optimizer will go to a point in the IV curve where the voltage is bigger than 16 V and consequently sacrifice the current output, collecting almost no power from the PV module like shown in figure 10 . It was expected that system 3 (with the micro inverters) would have the same problem since the Vmpp range is between 20-40V and the expected voltage was 12V. However, looking at table 7, the output obtained is about 90% of the output with no shading in the system which means that 5.33 out of 6 modules are working. This is probably due to the fact that the total voltage of the two mismatched parallel modules is between the Vmpp range of the MPP tracker of the micro-inverter.
In the case where three cells are shaded in each string of one module, all of them behave in the same way; Five module produce at full power and the shaded module is not working. This can be observed in table 8. Gomes, Mattias Gustafsson, Björn Karlsson EuroSun 2016 / ISES Conference Proceedings (2016 Finally, in case 5 (where a tape was covering the 30% of the module), it can be observed that the system 1 produces less output than the other two systems. In this case, the MPP tracker of system 1 has two options: to get the power output with a current about 70% of the total generated or collect the power output with five modules working while the bypass diodes of the shadowed one are working. The MPP tracker in the string inverter will take the last option since it produces more power.
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This way, the main conclusions from this paper are: 1) If the shaded module gives full current at MPP then optimizers and the micro inverters will not increase the output. The module gives full current, if one of the three circuits in the module are not shaded.
2) The Vmpp range of the optimizers and inverters are important. If the Vmpp is out of range then the module will give either no or a low output.
3) The optimizers and the micro inverters will increase the output if the shaded module gives lower current than the non-shaded modules. This occurs under partial shading of all circuits in one (or more) modules. In this situation both System two (DC-DC optimizers) and System Three (micro inverters) perform considerably better than System One (string or central inverter), as long as the Impp of the shadowed module is lower than the Impp of the string. It is also important that the Vmpp in the shaded module is higher than the lowest allowed voltage of the DC-DC optimizer or module inverter.
4)
There is a good agreement between the experimental results and the theoretically expected results for all cases.
From an economic perspective, considering the impact of shading, since system 2 (DC-DC optimizer) does not collect more energy that system 3 and it is 50% more expensive, it should not be selected as an option. System 1 (string inverter) is the cheapest and for this reason, it is preferable in all situations when one can be certain that there will be no shading. When one is uncertain if shading will occur, the extra 7% cost (difference between system 1 and system 3 with micro inverters) will probably be justified since the increase in annual energy produced should be superior to 7%.
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